Introduction
Cells of the adult pancreas can undergo reprogramming events by which they convert between different epithelial phenotypes, and this transformation can contribute to pancreatic cancer (Esni et al., 2005; Morris et al., 2010b; Puri and Hebrok, 2010) . The transdifferentiation of acinar cells to a ductlike phenotype (acinarto-ductal metaplasia [ADM]) can be induced by activating K-ras mutations (Hingorani et al., 2003) , epidermal growth factor receptors (Wagner et al., 1998; Means et al., 2005) , or pancreatic inflammation (pancreatitis; Carrière et al., 2007; Strobel et al., 2007; Zhu et al., 2007) , all of which have been implicated to contribute to development of pancreatic cancer (Cano et al., 2007; Guerra et al., 2007 Guerra et al., , 2011 . The formation of ADM lesions is a reversible process (Cano et al., 2007; Puri and Hebrok, 2010; Collins et al., 2012) . However, the resulting ductlike cells can also lead to formation of metaplastic duct lesions that are consistently found in pancreatitis (Song et al., 1999) or other precancerous lesions known as pancreatic intraepithelial neoplasia (PanIN; Hruban et al., 2001; Strobel et al., 2007) . Eventually, PanIN can further progress to pancreatic ductal adenocarcinoma (PDAC) once cells acquire additional transforming mutations (Bardeesy and DePinho, 2002) .
Transgenic and knockout animal models have shown the importance of TGF- and activating mutations of K-ras as drivers of ADM and PanIN formation (Morris et al., 2010b) . In experimental animal models, pancreatitis can be induced by the oligopeptide caerulein, which stimulates pancreatic secretion of digestive enzymes. In the presence of activating K-ras mutations, caerulein-induced pancreatic inflammation contributes to development of pancreatic adenocarcinoma (Guerra et al., 2007 (Guerra et al., , 2011 . The molecular signaling mechanisms that regulate ADM in response to pancreatitis are largely undefined. Pancreatitis, both in human patients and upon caerulein treatment in mice, elicits macrophage infiltration into the pancreas (Guerra et al., 2011) . The contribution of macrophages to cancer is well known, but mechanistic insights of signaling events driving tumor initiation processes are unclear (Coussens and Werb, 2002) . I n response to inflammation, pancreatic acinar cells can undergo acinar-to-ductal metaplasia (ADM), a reprogramming event that induces transdifferentiation to a ductlike phenotype and, in the context of additional oncogenic stimulation, contributes to development of pancreatic cancer. The signaling mechanisms underlying pancreatitisinducing ADM are largely undefined. Our results provide evidence that macrophages infiltrating the pancreas drive this transdifferentiation process. We identify the macrophage-secreted inflammatory cytokines RANTES and tumor necrosis factor  (TNF) as mediators of such signaling. Both RANTES and TNF induce ADM through activation of nuclear factor B and its target genes involved in regulating survival, proliferation, and degradation of extracellular matrix. In particular, we identify matrix metalloproteinases (MMPs) as targets that drive ADM and provide in vivo data suggesting that MMP inhibitors may be efficiently applied to block pancreatitis-induced ADM in therapy.
Macrophage-secreted cytokines drive pancreatic acinar-to-ductal metaplasia through NF-B and MMPs Figure 1 . Depletion of macrophages blocks pancreatic ADM. (A) Samples of human pancreatitis or adjacent normal tissue were stained by immunofluorescence for macrophages (EMR1), amylase, CK-19 (gray in A6), and DAPI as indicated. Bars, 20 µm. (B) FVB mice were treated with control vehicle, GdCl 3 , caerulein, or a combination, as indicated (detailed method in Materials and methods section). Pancreata were harvested and IHC stained with H&E or the macrophage marker F4/80. Boxes in A and B indicate enlarged regions. (C) Quantitation of ADM events per field of n = 5 samples from B. The asterisk indicates statistical significance as determined by the Student's t test. Error bars show means ± SD. (D, top row) Immunofluorescence staining of F4/80, amylase, and DAPI in samples from FVB mice treated with control vehicle, GdCl 3 , caerulein, or a combination, as indicated (detailed method in Materials and methods section). (second row) F4/80 channel alone in white. (third row) Immunofluorescence staining of CK-19, amylase, and DAPI. (fourth row) CK-19 channel and DAPI. Bars, 25 µm. See also Fig. S1 . This prompted our investigation of macrophage involvement in initiating ADM.
Here, we show that macrophage-secreted inflammatory cytokines are inducers of pancreatitis-initiated acinar cell reprogramming to a ductal progenitor phenotype. Because such ductlike cells can lead to PanIN lesions and PDAC, we provide evidence for a mechanism of how inflammation of the pancreas can induce a setup for tumor initiation, which eventually occurs when additional K-ras mutations are acquired (Guerra et al., 2007 (Guerra et al., , 2011 . We further establish the transcription factor nuclear factor B (NF-B) and its target genes as substantial drivers of acinar-to-ductal transdifferentiation. Because high NF-B levels were observed in pancreatic cancer, but not in normal acinar tissue, our data also provide a mechanistic link between acinar cell reprogramming and pancreatic cancer. The identification of matrix metalloproteinases (MMPs) as one target group for NF-B signaling that drive ADM suggests that MMP inhibitors may be efficiently applied to pancreatitis patients to block pancreatitis-induced ADM in therapy.
Results

Depletion of macrophages blocks pancreatic ADM
When comparing samples of human pancreatitis to normal pancreatic tissue, we found that in pancreatitis, macrophages attach to acinar cells in the pancreas that undergo ADM ( Fig. 1 A) . To investigate the role of macrophages in driving the ADM process, we next used an established mouse model in which the intraperitoneal injection of caerulein induces inflammation of the pancreas and acinar-to-ductal transdifferentiation (Morris et al., 2010a) . Macrophage depletion by administration of the macrophage toxin GdCl 3 (gadolinium chloride hexahydrate) partially blocked ADM mediated by induction of pancreatitis ( Fig. 1 , B and C) . This suggested that macrophages may be directly involved in regulating the processes that can lead to acinar-to-ductal transdifferentiation. As expected, mice depleted of macrophages also show decreased expression of connective tissue mucins in the pancreas as indicated by Alcian blue staining ( Fig. S1 A) . Immunofluorescence analysis using amylase as a marker for acinar cells, CK-19 for ductlike cells, and F4/80 as a marker for macrophages showed normal pancreas morphology for PBSand GdCl 3 control-treated mice (Fig. 1 D) . Mice treated with caerulein showed abundance of macrophages at acini undergoing ADM correlating with a decrease in the acinar marker amylase and increased expression of CK-19. Treatment with GdCl 3 protected from caerulein-induced dedifferentiation of acinar cells and pancreatic reorganization, suggesting a role for macrophages in these processes. Moreover, we found that after depletion of macrophages, T cells (CD3 positive) and neutrophils (Ly6B.2 positive) were still present in the pancreas at levels similar to those detected in pancreata of animals treated with caerulein alone (Fig. S1 B) . This suggests a specific role for macrophages as drivers of ADM and reorganization of the pancreas. We also determined whether ADM is inhibited when pancreatitis is induced before or simultaneously to macrophage depletion. When animals were treated with caerulein before GdCl 3 , pancreatic inflammation and ADM were not reduced, whereas when animals were treated simultaneously, inflammation was slightly reduced, correlating with reduced occurrence of macrophages in the pancreas (Fig. S1 C) . In both treatment procedures, caerulein-induced presence of other immune cells was unaffected by GdCl 3 . This indicates that macrophages specifically contribute to pancreatitis-induced ADM and pancreatic reorganization in vivo.
Macrophages induce ADM of pancreatic acinar cells
To investigate whether macrophage-mediated processes can drive ADM, we cultured isolated mouse pancreatic acinar cells with activated mouse macrophages in collagen 3D primary cell culture. This ex vivo explant model for ADM is based on a previously established cell culture model in which growth factors that activate the ErbB1 EGF receptor (EGFR) have been shown to induce ADM within 6-8 d (Crawford et al., 2002; Esni et al., 2005; Means et al., 2005; Sawey et al., 2007) . 3D co-culture of primary macrophages with primary acinar cells led to a 10-fold increase in ADM events, as quantified by counting of newly formed ductlike structures ( Fig. 2 A) . To determine whether cultured macrophages can induce similar acinar transformation, primary pancreatic acinar cells and Raw 264.7 macrophages were in vivo labeled with Vybrant dye ( Fig. 2 A, pseudocolor blue [macrophages] and red [acinar cells]) and then co-cultured in 3D collagen culture. We found that Raw 264.7 macrophages induced ADM when in proximity to acinar cell clusters ( Fig. 2 B) . Newly formed ducts still showed red live dye staining, indicating acinar cell derivation. Quantification of ducts showed a statistically significant and 25-fold increase in ADM events in the presence of Raw 264.7 cells ( Fig. S2 A) . We then determined whether macrophages and acinar cells need direct physical contact for ADM events to occur by collagen embedding both cell types in different compartments for co-cultivation experiments ( Fig. 2 C, scheme) . Under such conditions, we found that Raw 264.7 macrophages do not need to be in direct contact with acinar cells to induce ADM ( Fig. 2 C, right bar graph). Moreover, treatment of acinar cells in collagen culture with Raw 264.7-conditioned medium, as well as conditioned medium from WR19M.1 cells or primary activated mouse macrophages, was sufficient to induce ADM (Fig. 2 , D and E), indicating that macrophage-secreted factors can induce ADM events. Treatment with TGF-, as an inducer of EGFR signaling, served as a positive control. Duct formation correlated with decrease of Fig. S2 A. (C) Primary pancreatic acinar cells were isolated and embedded in collagen in µ-Slides (Ibidi) for cell co-cultivation (magenta area in scheme). Similarly, Raw 264.7 cells (cyan areas in scheme) were embedded in collagen (or collagen alone as a control). Cells in the collagen matrix were overlayed with Waymouth media. ADM events in the acinar cell area were determined by counting ducts. (D) Primary mouse pancreatic acinar cells were isolated and cultivated in 3D collagen explant culture in presence of Raw 264.7-, WR19M.1-or primary mouse macrophage-conditioned media, and ADM events per well were determined (graph). (E) Photos show ducts obtained (at day 5) after treatment with Raw 264.7-conditioned media as compared with untreated acinar cells and cells treated with 50 ng/ml TGF-. Bars, 100 µm. See also Fig. S2 B. (F) Primary mouse pancreatic acinar cells were isolated and treated with Raw 264.7-conditioned media to induce ADM. At day 2, cells were isolated from the 3D collagen explant culture, and quantitative real-time PCR for indicated markers of ADM events was performed. (G) Primary mouse pancreatic acinar cells were isolated and treated with Raw 264.7-conditioned media to induce ADM. Cells were isolated from the 3D collagen explant culture, and cell lysates were analyzed for expression of the ductal marker CK-19 or the acinar marker amylase by Western blotting. Silver staining served as a loading control. (H) Primary mouse pancreatic acinar cells were isolated and treated with Raw 264.7-conditioned media to induce ADM in presence of 3 µg/ml TGF- neutralizing antibody (mTGF-NAB) or 1 µM Erlotinib as indicated. Treatment with 50 ng/ml TGF- served as a comparison to conditioned media. At day 5, ADM events per well were quantified by counting. The gray line represents onefold ADM events. In the experiments depicted in A, C, D, F, and H, bar graphs show means ± SD of n = 3 experiments. The asterisk indicates statistical significance as determined by the Student's t test. All experiments depicted have been repeated with similar results at least three times.
mRNA encoding the bona fide acinar cell marker amylase ( Fig. S2 B) and increase in mRNA of ductal markers (Fig. 2 F) including cytokeratin-19 (CK-19) and mucin-1 (Zhu et al., 2007) . Additionally, we detected an increase in expression of Pdx-1 (pancreatic duodenal homeobox-1), one of the earliest markers of embryonic endocrine and exocrine progenitor cells (Bonal and Herrera, 2008) . For example, ectopic expression of Pdx-1 during development has been shown to decrease the extent of exocrine tissue and to result in the formation of immature acinar cells (Holland et al., 2002) . Moreover, persistent expression of Pdx-1 in the pancreas has been shown to cause ADM (Miyatsuka et al., 2006) .
We also observed up-regulation of Hes-1 (hairy and enhancer of split 1) expression ( Fig. 2 F) , a transcription factor that is regulated by the Notch signaling pathway and plays a key role in the development of the endocrine pancreas and maintenance of epithelial ductal structures (Sumazaki et al., 2004) . Markers for ADM were further detected at the protein level, and cells showed decreased expression of the acinar marker amylase and increased expression of CK-19 when treated with Raw 264.7conditioned media in explant culture (Fig. 2 G) . Thus, our data indicate that factors secreted by macrophages induce acinar cell transdifferentiation into a ductlike phenotype. However, when compared with TGF-, a bona fide inducer of ADM in pancreatic acinar cells, we observed that ducts formed after treatment with Raw 264.7-conditioned media were of smaller size (Fig. 2 E) and number (Fig. 2 H) . Presence of an mTGF- neutralizing antibody (NAB) as well as treatment with the EGFR inhibitor Erlotinib had no inhibitory effects on Raw 264.7-conditioned media-induced ADM (Fig. 2 H) . This indicates that macrophageconditioned media does not act through the TGF--EGFR signaling pathway to induce ADM.
Macrophage-secreted factors RANTES and TNF mediate ADM
Next, we analyzed Raw 264.7-, WR19M.1-, or primary mouse macrophage-conditioned media for macrophage-secreted cytokines using mouse cytokine profiler arrays. Out of 40 cytokines tested ( Fig. 3 A and Fig. S3 A) , eight were strongly abundant in the conditioned media but not in control media. These included granulocyte colony-stimulating factor (G-CSF; at B5/6), IP-10/ CXCL10/CRG-2 (at D1/2), junctional epithelium (JE)/CCL2/ MCP-1 (at D9/10), MIP-1/CCL3 (at D15/16), MIP-1/CCL4 (at D17/18), MIP-2 (at D19/20), RANTES/CCL5 (at D21/22), and TNF (at E5/6). Of these cytokines, only TNF and RANTES induced pronounced ADM events, as judged by analysis of newly formed ducts (approximately threefold increase as compared with untreated controls) in our explant culture assays ( Fig. 3 B) . We detected TNF at 107 ± 15 pg/ml and RANTES at 842 ± 4 pg/ml in conditioned media from primary macrophages, TNF at 6.5 ± 0.8 pg/ml and RANTES at 83 ± 5 pg/ml in conditioned media from WR19M.1 cells, and TNF at 50 ± 13 pg/ml and RANTES at 841 ± 4.4 pg/ml in conditioned media from Raw 264.7 cells.
When applied to pancreatic acinar cell explant culture, both cytokines were less potent inducers of ADM as conditioned media, and the treatment of acinar cells with all combinations of identified cytokines did not lead to additive effects (unpublished data). This suggests that additional, yet unidentified, factors in the conditioned media may also be required to obtain a more effective transdifferentiation of acinar cells. Moreover, when we blocked signaling of TNF or RANTES in pancreatic explant culture by using NABs, both significantly decreased Raw 264.7conditioned media-induced ADM (Fig. 3 C) . However, combination of both NABs (unpublished data) had no additive effects, suggesting that both cytokines may use the same mechanisms.
To test whether TNF and RANTES can be detected in human pancreatitis, we analyzed their occurrence in samples of human pancreatitis or normal pancreas (Fig. 3 , D and E). Both cytokines were detected in acinar clusters undergoing ADM but not in normal pancreas. Concentrations of both cytokines were also increased in pancreatic cyst fluid in patient samples of pancreatitis, with an approximately threefold (TNF) or 3.5-fold (RANTES) increase as compared with pancreatic juice from control patients ( Fig. S3 B) .
RANTES and TNF induce acinar cell transdifferentiation through NF-B
A common feature of both cytokines, TNF and RANTES, is that they can activate the transcription factor NF-B, which is involved in the regulation of many inflammatory processes (Ben-Neriah and Karin, 2011). Constitutive NF-B expression and activity were described as some of the earliest events distinguishing human tissue samples of normal pancreas from such of pancreatitis and pancreatic adenocarcinoma (Gukovsky et al., 1998; Wang et al., 1999; Chandler et al., 2004) . However, a role for this transcription factor in regulating the ADM process has not been implicated previously. Therefore, we tested whether NF-B can be induced by macrophage-conditioned media. We introduced an NF-B-luciferase reporter into acinar cells using an adenoviral transduction system. Increased NF-B activity was measured in response to Raw 264.7-conditioned media ( Fig. 4 A) . We then used two inhibitors for IB kinase, SC514 and BMS345541, to identify a role for NF-B in Raw 264.7-conditioned mediainduced ADM. Both inhibitors effectively blocked Raw 264.7conditioned media-induced ADM, whereby BMS345541 was more effective than SC514 ( Fig. 4 B) .
A key event in canonical NF-B signaling is the downregulation of IB. Treatment of primary acinar cells with conditioned media, as well as TNF and RANTES, led to the down-regulation of the NF-B inhibitory protein IB over a time range of 24-96 h ( Fig. 4 C, shown is the IB status at 24 h of stimulation). Adenoviral infection of acinar cells with a superdominant IB (IB.SD and IB.S32A.S36A; Fig. 4 E) . This indicates that canonical activation of NF-B contributes to ADM events. To test whether NF-B can drive ADM, we infected acinar cells with an adenovirus encoding NF-B1/p105 (p50 of the mature NF-B) before seeding them in 3D explant culture. We found that the expression of NF-B/p105 in acinar cells is sufficient to mediate their transdifferentiation to ductlike cells ( Fig. 4 F) . This was confirmed by quantitative PCR analysis showing an increase in expression of the ductal markers CK-19 and mucin-1 as well as Pdx-1 when NF-B is expressed (Fig. 4 G) . Furthermore, we observed down-regulation of mouse Mist-1 (muscle intestine and stomach expression 1), a gene that is necessary for the complete maturation and proper function of acinar cells and maintains acinar cell identity (Pin et al., 2001) . This further indicates acinar cell dedifferentiation.
The NF-B target gene MMP-9 drives acinar cell transdifferentiation in explant culture and in vivo
To identify target genes for NF-B in acinar cells, we then performed quantitative real-time PCR target arrays and compared control acinar cells to NF-B-transdifferentiated ductlike cells of pancreatic explant cultures from three different mice. Genes targeted by NF-B that are up-or down-regulated at least twofold were identified ( Fig. S5 , volcano blot and complete list of genes analyzed). In acinar cells, the expression of NF-B orchestrated the induction of genes involved in all aspects of the reprogramming process. This included the down-regulation of proapoptotic genes such as Egr-2 (5.6-fold), and up-regulation of antiapoptotic genes such as AKT1 (2.7-fold), Bcl-XL (2.7-fold), Bcl2A1 (threefold), COX-2 (fourfold), and MKK6 (3.7-fold). We also detected up-regulation of genes promoting cell cycle progression and proliferation such as CDK1 (3.6fold) and CCND1 (7.6-fold) and of genes encoding growth factors such as PDGFb (2.8-fold). We further detected substantial up-regulation of Csf3 (19-fold) and Csf2 (70-fold), indicating an important role for these colony-stimulating factors in the ADM process. Moreover, induction of CCL5 encoding RANTES (26-fold) indicates a positive feedback loop to potentiate the signaling.
Effective ADM also requires the expression of proteases of the disintegrin, ADAM (a disintegrin and a metalloprotease) protease, or MMP families (Crawford et al., 2002; Ringel et al., 2006; Sawey et al., 2007; Fukuda et al., 2011) . Interestingly, one top hit in our assay to identify NF-B target genes in acinar cells was MMP-9 (58-fold induction and P < 0.05). Human pancreatic cancers express high levels of MMP-9 (Gress et al., 1995) , and its expression is essential to angiogenesis and tumor growth of orthotopic pancreatic tumors (Nakamura et al., 2007) . Increased MMP-9 expression already can be detected in PanIN lesions (Segara et al., 2005) . However, a crucial role for this isoform in the ADM process so far was not attributed. Because our initial array was restricted to MMP-9, we performed additional quantitative real-time PCR assays to determine the subset of MMPs that may be involved in NF-B-mediated ADM. With this assay, in cells undergoing ADM in response to NF-B1, we detected an 500-fold increased expression of MMP-9, whereas the expression of MMP-3, MMP-7, and MMP-13 was increased twofold, and MMP-10 was increased approximately eightfold ( Fig. 5 A) . The increased expression of MMP-9 led to secretion of active MMP-9 as shown with gelatin zymography of supernatants of transdifferentiating acinar cells (Fig. 5 B) .
We next tested whether addition of purified, active MMP-9 to acinar cells when embedded in 3D explant culture can drive ADM (Fig. 5 C) . We observed an approximately twofold increase in ADM events, underlining the importance of MMP-9 in this process. However, the moderate increase in ADM events in response to addition of MMP-9 clearly indicates that additional molecules, either regulated by NF-B-dependent or -independent genes, are necessary for more pronounced effects on ADM. This is not surprising given the complexity of this transdifferentiation process. Nevertheless, treatment of acinar cells with the MMP inhibitor GM6001 effectively blocked Raw 264.7-conditioned media-, TNF-, and RANTES-induced acinar cell transformation, indicating the importance of MMPs in regulating ADM (Fig. 5 , D and E). Similarly, GM6001 blocked basal-and NF-B-induced duct formation in 3D explant culture ( Fig. 5 F) , without impacting cell survival (not depicted).
Our findings directly correlate with the in vivo situation because in the caerulein animal model for pancreatitis, MMP-9 was strongly expressed in inflamed pancreas but not when macrophages were suppressed with GdCl 3 -or in control-treated mice (Fig. 6 A) . When applied in vivo, the MMP inhibitor GM6001 effectively blocked pancreatitis-induced acinar cell metaplasia (Fig. 6, B and C). To determine whether such MMP signaling also occurs in human pancreatitis, we compared samples of human pancreatitis to normal pancreatic tissue for MMP-9 expression. We found increased expression of this metalloproteinase in pancreata of pancreatitis patients in areas that undergo ADM but not in adjacent normal pancreatic tissue (Fig. 6 D) . Primary mouse pancreatic acinar cells were isolated and infected with adenovirus carrying an NF-B-luciferase reporter. Cells were treated with control or Raw 264.7-conditioned media for 24 and 48 h. NF-B promoter activity was determined by measuring luciferase activity. NF-B induction as compared with control (set to 100%) is shown. The asterisk indicates statistical significance as compared with control. (B) Primary mouse pancreatic acinar cells were isolated and treated with Raw 264.7-conditioned media in the presence of 25 µM SC514 or 1 µM BMS345541 as indicated. ADM events per well were quantified by counting ducts formed. (C) Primary mouse pancreatic acinar cells were isolated and treated with Raw 264.7-conditioned media, 50 ng/ml TNF, or 50 ng/ml RANTES as indicated for 24 h. Cells were lysed and analyzed by Western blotting for IB degradation using an -IB antibody. (D) Primary mouse pancreatic acinar cells were isolated and infected with control virus or adenovirus to express superdominant IB (IB.SD). Cells were then cultivated in 3D collagen explant culture in presence of Raw 264.7-conditioned media or control media as indicated. ADM events per well were quantified by counting. See also Fig. S4 . (E) Primary mouse pancreatic acinar cells were isolated and infected with control virus or adenovirus to express superdominant IB (IB.SD). Cells were then cultivated in 3D collagen explant culture in presence of 50 ng/ml TNF or 50 ng/ml RANTES as indicated. ADM events per well were quantified by counting. (F) Primary mouse pancreatic acinar cells were isolated and infected with control virus or adenovirus to express NF-B1/p105. Cells were then cultivated in 3D collagen explant culture. Representative photographs of the cells in 3D culture are shown (left side), and ADM events per well were quantified by counting (right side). Bars, 200 µm. (G) Primary mouse pancreatic acinar cells infected with control virus or adenovirus to express NF-B1/p105 were isolated from 3D collagen explant culture at day 3. Quantitative PCR for the indicated markers of ADM events was performed. Dotted line represents onefold expression. In the experiments depicted in A, B, and D-G, bar graphs show means ± SD of n = 3 experiments. The asterisks indicate statistical significance as determined by the Student's t test (single asterisks show statistical significance relative to the control; double asterisks show statistical significance relative to the stimulus). All experiments depicted have been repeated with similar results at least three times. CM, conditioned media.
Together, our data indicate that macrophage-induced expression of MMPs in acinar cells is an important mediator of the ADM process in pancreatitis.
Discussion
Many cancers can arise from sites of chronic irritation, infection, or inflammation (Coussens and Werb, 2002) . Inflammation of the pancreas has been recognized as a risk factor for pancreatic cancer, but the roles of macrophage infiltration in the pancreas on processes leading to altered pancreas morphology and eventually pancreatic cancer are not well understood. In response to many insults, pancreatic acinar cells can undergo a reprogramming event that induces transdifferentiation to a ductlike phenotype. In the context of oncogenic stimulation, resulting ductlike cells can further progress to pancreatic adenocarcinoma (Guerra et al., 2007 (Guerra et al., , 2011 . We here provide evidence that macrophages infiltrating the pancreas can drive this transdifferentiation process and also provide insight into the mechanisms they use.
Our results demonstrate that the macrophage-secreted proinflammatory cytokines RANTES and TNF, both previously not directly implicated in this process, are inducers of acinar cell dedifferentiation and metaplasia to a ductal phenotype (Fig. 3) .
Although little is known about the role of RANTES in pancreatic cancer, TNF was shown to be synthesized not only by macrophages but also by inflamed pancreatic acinar cells and to have paracrine effects in both pancreatitis and PDAC (Chu et al., 2007) . Both cytokines were less potent inducers of ADM as macrophageconditioned media (compare Fig. 2 D with Fig. 4 E) , and the treatment of acinar cells with combinations of both cytokines did not lead to additive effects (not depicted). This suggests that additional yet unidentified factors in the conditioned media may also be required to obtain a more effective transdifferentiation of acinar cells. Also, when compared with TGF-, as a bona fide inducer of ADM in pancreatic acinar cells, we observed that ducts formed after treatment with Raw 264.7-conditioned media were of smaller size and number (Fig. 2, E and H) . Moreover, macrophage-induced ductal structures did not continuously grow over time as it was previously shown for TGF--induced structures. This indicates that macrophages, although initiating acinar cell transdifferentiation, do not activate additional signaling pathways, further driving proliferation of the resulting ductal cells. Key events crucial for further progression may involve the loss of LKB1 or combination of oncogenic K-ras with deletion of p16/p19 as it was recently shown by Lo et al. (2012) .
Our data suggest that macrophages use TNF and RANTES to induce the activation of the transcription factor NF-B and drive ADM in acinar cells (Fig. 4) . Additionally, expression of NF-B1 in acinar cells can drive ADM in our ex vivo explant culture (Fig. 4, F and G) . A role for this transcription factor in regulating the ADM process has not been implicated previously; however, constitutive NF-B expression and activity were described as some of the earliest events distinguishing human tissue samples of a normal pancreas from such of pancreatitis and pancreatic adenocarcinoma (Gukovsky et al., 1998; Wang et al., 1999; Chandler et al., 2004) . Recently, Daniluk et al. (2012) showed that in the presence of oncogenic K-ras, inflammatory stimuli via NF-B initiate a positive feedback loop that further amplifies Ras activity to pathological levels. This led to prolonged Ras signaling and precancerous pancreatic lesions (PanINs) in mice expressing oncogenic K-ras but not in wild-type mice (Daniluk et al., 2012) . We obtained data complementary to this finding because macrophage depletion in p48 cre /LSL-KrasG12D mice dramatically reduced ADM and formation of PanIN lesions (Fig. S1, D and E) . This further underlines the importance of macrophages in contributing to ADM and eventually progression to PanIN lesions. Thus our data implicate that targeting NF-B could be an effective strategy not only to target pancreatitis but also precursor lesions that could lead to the development of PDAC.
Isolated acinar cells in explant culture are quiescent and undergo cell death after several days in culture, when not stimulated for transdifferentiation. In contrast, after initiation of the ADM process, cells become proliferative and acquire properties to form ducts (Puri and Hebrok, 2010) . NF-B target genes identified in acinar cells (Fig. S5 ) are involved in all aspects of the reprogramming process. We observed up-regulation of genes that clearly are linked to antiapoptotic signaling. These include AKT1 (2.7-fold), Bcl-XL (2.7-fold), Bcl2A1 (threefold), COX-2 (fourfold), and MKK6 (3.7-fold). Of the aforementioned genes, COX-2 may be of particular importance because it also was shown to contribute to accelerated progression of K-ras G12Dinduced PanIN lesions (Funahashi et al., 2007) . COX-2 is upregulated in inflamed acinar components of chronic pancreatitis in PanIN and in PDAC (Tucker et al., 1999; Schlosser et al., 2002; Albazaz et al., 2005) . Other genes up-regulated by NF-B are well-known inducers of cell cycle progression and proliferation. These include CDK1 (3.6-fold) and CCND1 (7.6-fold). We further detected substantial up-regulation of Csf3 (19-fold) and Csf2 (70-fold), indicating an important role for these colony-stimulating factors in survival and proliferation of acinar cells. Finally, induction of CCL5 encoding RANTES (26-fold) indicates a positive feedback loop to potentiate the signaling. Moreover, secretion of RANTES may recruit additional inflammatory cells.
Although the genes listed in the previous paragraph mainly are involved in acinar cell survival or inducing their proliferation, effective ADM also requires the expression of proteases of the disintegrin, ADAM protease, or MMP families (Crawford . MMPs contribute to ADM in vivo. (A) FVB mice were treated with control vehicle, GdCl 3 , caerulein, or a combination, as indicated. Pancreata were harvested and IHC stained for MMP-9 expression. (B) FVB mice were treated with control vehicle, GM6001, caerulein, or a combination, as indicated (detailed method in the Materials and methods section). Pancreata were harvested and IHC stained with H&E or Alcian blue. Boxes show the sample at a higher magnification. (C) Quantitation of ADM events per field of n = 5 samples from B. Bar graphs show means ± SD. The asterisk indicates statistical significance as determined by the Student's t test. (D) MMP-9 expression in human pancreas tissues containing areas that are affected by pancreatitis and the adjacent normal regions. (E) Schematic of the proposed signaling events induced by macrophages after pancreatic inflammation. Our data suggest that macrophage-secreted inflammatory cytokines, such as RANTES and TNF, induce NF-B in pancreatic acinar cells and that the target genes for this transcription factor can drive ADM. Bars, 100 µm.
Serotec, the anti-Claudin-18 antibody was purchased from Invitrogen, the NAB for mRANTES was obtained from R&D Systems, and the NAB for mTNF- was obtained from eBioscience. Adenovirus to express IB.S32A. S36A and NF-B1/p105 or the NF-B-luciferase reporter was purchased from Vector Laboratories. In all experiments, virus was used at 10 7 ifu/ml. Recombinant murine G-CSF, IP10, JE, MIP-1, MIP-1, MIP2, RANTES, and TNF were purchased from PeproTech. Recombinant human MMP-9 and recombinant TGF- were obtained from R&D Systems. Soybean trypsin inhibitor was obtained from Affymetrix, and collagenase I was purchased from EMD. Rat tail collagen I was obtained from BD. GM6001, BMS 345541, and SC514 were obtained from EMD Millipore. Erlotinib was purchased from LC Laboratories. Caerulein, gadolinium chloride hexahydrate, and dexamethasone were obtained from Sigma-Aldrich. Other antibodies and reagents used are described in the specific experiment sections.
Animals and treatment BALB/c and FVB (friend virus B type) mice for isolation of primary pancreatic acinar cells were purchased from Harlan Laboratories. To determine the effects of macrophages or MMPs on pancreatitis-induced ADM, 7-wk-old FVB mice were intravenously injected with either PBS (control), GdCl 3 (10 mg/kg body weight, every 2 d for 1 wk before caerulein treatment), or GM6001 (100 mg/kg body weight, 30 min before caerulein treatment). To induce pancreatitis, caerulein (75 µg/kg body weight) was intraperitoneally injected once per hour for a time span of 8 h, 2 d in a row (Morris et al., 2010a; Fukuda et al., 2011) . Phosphate saline solution was used as a control. Pancreata were harvested 1 d after caerulein treatment.
All animal experiments were approved by the Mayo Clinic Institutional Animal Care and Use Committee and were performed in accordance with relevant institutional and national guidelines and regulations.
Isolation of primary pancreatic acinar cells and macrophages
The pancreas was removed, washed twice with ice-cold HBSS media, minced into 1-5-mm pieces, and digested with collagenase I (37°C with shaker). The collagen digestion was stopped by addition of an equal volume of ice-cold HBSS media containing 5% FBS. The digested pancreatic pieces were washed twice with HBSS media containing 5% FBS and pipetted through a 500-µm mesh and then a 105-µm mesh. The supernatant of this cell suspension containing acinar cells was dropwise added to the top of 20 ml HBSS containing 30% FBS. Acinar cells were then pelleted (1,000 rpm for 2 min at 4°C) and resuspended in 10 ml Waymouth complete media (1% FBS, 0.1 mg/ml trypsin inhibitor, and 1 µg/ml dexamethasone). Primary murine macrophages were isolated as previously described (Necela et al., 2008) . In brief, mice were intraperitoneally injected with 2 ml of 3-5% aged thioglycollate solution. On day 5 after injection, peritoneal macrophages were collected through a single injection of 10 ml RPMI 1640 containing 10% FBS into the peritoneal cavity and subsequent withdrawal. The peritoneal exudate was centrifuged and washed with RPMI 1640 media containing 10% FBS before plating onto tissue-culture dishes. After 1 h in a 37°C incubator supplemented with 5% CO 2 , cells were vigorously washed with PBS for three times to remove nonadherent macrophages.
3D collagen explant culture of pancreatic acinar cells Cell culture plates were coated with collagen I in Waymouth media without supplements. Freshly isolated primary pancreatic acinar cells were added as a mixture with collagen I/Waymouth media on the top of this layer (3D on-top method). Furthermore, Waymouth complete media was added on top of the cell/gel mixture and replaced the following day and then every other day. When inhibitors, peptides, or proteins were added, the compound of interest was added to both, and the cell/gel mixture and the media were added on top. To express proteins using adenovirus, acinar cells were infected with adenovirus of interest and incubated for 3-5 h before embedding in the collagen I/Waymouth media mixture. At day 6 or 7 (dependent on time course of duct formation), numbers of ducts were counted under a microscope, and photos were taken to document structures.
Immunohistochemistry (IHC)
Slides were deparaffinized (1 h at 60°C), dewaxed in xylene (five times for 4 min), and gradually rehydrated with ethanol (100, 95, and 75%, each two times for 3 min). The rehydrated samples were rinsed in water and subjected to antigen retrieval in 10 mM sodium citrate buffer, pH 6.0, as described by the manufacturer (Dako). Slides were treated with 3% H 2 O 2 (5 min) to reduce endogenous peroxidase activity, washed with PBS containing 0.5% Tween 20, and blocked with protein block serum-free solution (Dako) for 5 min at room temperature. Samples were stained with hematoxylin and eosin (H&E), Alcian blue, anti-MMP-9 antibody (1:1,000; Abcam), or anti-F4/80 antibody (1:10; Spring Biosciences) in Antibody Ringel et al., 2006; Sawey et al., 2007; Fukuda et al., 2011; Ardito et al., 2012) . MMPs were associated with tumor initiation and progression processes by targeting not only ECM components but also non-ECM substrates (Coussens and Werb, 2002) . In pancreatic cancer, evidence from mouse genetics demonstrated that MMPs not only target ECM substrates but also contribute to multiple stages of pancreatic tumor progression including tumor growth (Sawey et al., 2007) . For example, MMP-3 and MMP-7 are required for Notch activation, leading to dedifferentiation of acinar cells to nestin-positive transitional cells (Sawey et al., 2007) . Additionally, MMP-7 was shown to contribute to initiation and progression of PDAC (Fukuda et al., 2011) . Interestingly, one top hit in our assay to identify NF-B target genes in acinar cells was MMP-9 (58-fold induction and P < 0.05; Fig. 5 and Fig. S5 ). MMP-9 can be expressed and secreted by macrophages, stromal cells, or tumor cells (Storz et al., 2009) . Human pancreatic cancers express high levels of MMP-9 (Gress et al., 1995) , and its expression is essential to angiogenesis and tumor growth of orthotopic pancreatic tumors (Nakamura et al., 2007) . Increased MMP-9 expression already can be detected in PanIN lesions (Segara et al., 2005) . When expressed by acinar cells or when recombinant active protein was added to the media, MMP-9 was capable to drive ADM, indicating that it is a substantial contributor to the transdifferentiation process (Fig. 5 C) . The MMP inhibitor GM6001 effectively blocked pancreatitis-induced ADM in vivo in our caerulein mouse model (Fig. 6 B) . A role for this isoform in the ADM process was not attributed previously, and it remains to be determined whether MMP-9, like MMP-7, can cleave and activate Notch to drive the ADM process.
Collectively, we provide evidence for a mechanism of how inflammation of the pancreas can induce ADM and thus provide a setup for tumor initiation. We further establish macrophagesecreted cytokines as substantial drivers of ADM and show that they mediate their effects on acinar cells through NF-B and NF-B-induced target genes. Because high NF-B levels were observed in pancreatic cancer, but not in normal acinar tissue, our data provide a mechanistic link between acinar cell reprogramming and potential development of pancreatic cancer. The identification of MMPs as a target group for NF-B signaling that drives ADM suggests that MMP inhibitors may be efficiently applied to block pancreatitis-induced ADM in therapy.
Materials and methods
Cell lines, antibodies, viral constructs, and reagents Raw 264.7 and WR19M.1 macrophage cells (ATCC) were maintained in DMEM (high glucose) containing 10% FBS or 10% horse serum, respectively, with 100 U/ml penicillin/streptomycin in a 37°C incubator supplemented with 5% CO 2 . To obtain Raw 264.7-or WR19M.1-conditioned media, 3 × 10 6 cells per 10-cm dish were grown in media used for 3D collagen explant culture (Waymouth media plus supplements; see Isolation of primary pancreatic acinar cells and macrophages section), and supernatants were collected. Conditioned media was freshly prepared for each experiment. The antiamylase antibody was obtained from Sigma-Aldrich; anti-F4/80/EMR1, anti-CD3, anti-smooth muscle antibody, anti-EGFR, anti-TNF, anti-RANTES, and an NAB for mTGF- were obtained from Abcam; anti-CK-19 antibody (for Western blotting) was purchased from Leica; anti-CK-19 antibody (for immunofluorescence) was obtained from Santa Cruz Biotechnology, Inc.; and the anti-IB antibody was obtained from Cell Signaling Technology. The Ly6B.2 antibody was purchased from AbD SDS gel, and equal protein expression under different treatment conditions was controlled by silver gel.
Cellular extracts and immunoblotting
Cells were harvested from explant 3D collagen culture by digestion in a 1 mg/ml collagenase solution at 37°C for 30 min on a shaker. Cells were washed once with HBSS and twice with PBS and lysed in buffer A (50 mM Tris/HCl, pH 7.4, 1% Triton X-100, 150 mM NaCl, and 5 mM EDTA) supplemented with protease inhibitor cocktail (Sigma-Aldrich). Lysates were incubated on ice for 30 min and centrifuged (13,000 rpm for 15 min at 4°C), and supernatants were subjected to SDS-PAGE. Gels were either stained by silver gel staining (Silver Stain kit; Thermo Fisher Scientific), or resolved proteins were transferred to nitrocellulose membranes. Membranes were blocked with 5% BSA in TBST (50 mM Tris/HCl, pH 7.4, 150 mM NaCl, and 0.1% Tween 20) and incubated with primary antibodies of interest in 5% BSA in TBST overnight at 4°C and then with horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. Samples were visualized with ECL and x-ray film.
Zymography
The supernatant of primary acinar cells in 3D collagen culture was collected and further concentrated using centrifugal filter units with a 30-kD cutoff (EMD Millipore). Samples were mixed with 2× loading buffer (50 mM Tris-HCl, pH 6.8, 10% [vol/vol] glycerol, 1% [wt/vol] SDS, and 0.01% [wt/vol] bromophenol blue) and resolved on an SDS polyacrylamide gel containing 0.12 mg/ml gelatin (porcine skin type A and bloom 300). Gels were soaked in 2.5% Triton X-100 for 1 h, washed twice with collagenase buffer (50 mM Tris-HCl, pH 7.6, 0.2 M NaCl, 5 mM CaCl 2 , and 0.2% Brij-35), and incubated at 37°C for 18 h. Gels were then washed with distilled water and incubated in Coomassie brilliant blue staining solution (40% methanol and 10% acetic acid/0.025% Coomassie brilliant blue R-250) at room temperature for 2 h. Gels were then washed in distilled water for 2 h and scanned using a scanner (HP Scanjet 4890; Hewlett-Packard).
Human samples
Human formalin-fixed paraffin-embedded pancreatic tissues used in this study were obtained through the Biospecimen Resource for Pancreas Research of the Mayo Clinic SPORE (Specialized Program of Research Excellence) in Pancreatic Cancer. Chronic pancreatitis patients who were undergoing surgical resection and whose diagnoses were clinically and pathologically confirmed provided informed consent as approved by the Institutional Review Board at the Mayo Clinic. Secretin-stimulated exocrine pancreatic secretions were collected in compliance with the Mayo Clinic Institutional Board Review from December 2007 to July 2008 and included normal individuals and patients with pancreatitis.
Statistical analysis
Data are presented as means ± SD. P-values were acquired with the Student's t test using Prism (GraphPad Software), and P < 0.05 is considered statistically significant.
Online supplemental material Fig. S1 shows the impact of macrophage depletion on KrasG12D-induced PanIN formation and on the presence of other immune cells in the pancreas. Fig. S2 shows supporting information related to Fig. 2. Fig. S3 shows cytokine identity and position on the cytokine profiler array shown in Fig. 3 A and also detection and quantitation of TNF and RANTES in pancreatic juice. Fig. S4 shows supporting information related to Fig. 4. Fig. S5 shows identification of NF-B target genes that are expressed in acinar cells when NF-B1 is virally transduced. Online supplemental material is available at http://www.jcb.org/cgi/content/full/jcb.201301001/DC1. We thank R. Panayiotou for help with setting up the explant culture method and J. Bachhofer for help with editing the manuscript. We also thank Lizhi Zhang, Ryan Wuertz, and William Bamlet for assistance with identifying patient samples as well as Brandy H. Edenfield of the Mayo Clinic Jacksonville Histopathology Facility for processing and IHC of samples.
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Diluent, Background Reducing solution (Dako) and visualized using the dual-labeled polymer kit (Envision+; Dako) according to the manufacturer's instructions. Images were captured using the scanner (ScanScope XT; Aperio) and ImageScope software (Aperio).
Cytokine array
The cytokines secreted by Raw 264.7 macrophages were determined using the Proteome Profiler Mouse Cytokine Array kit (R&D Systems) according to the manufacturer's instructions.
In vivo cell labeling and fluorescence imaging In vivo cell labeling was performed as follows: Vybrant DiI solution (Invitrogen) was used for in vivo labeling of primary mouse pancreatic acinar cells, and Vybrant DiD solution was used for in vivo labeling of Raw 264.7 cells. Labeling was performed according to the manufacturer's instructions. Live cells were photographed in 3D culture medium at 37°C with a fluorescent microscope (IX71; Olympus), a LUCPlan Fluor normal 40×/0.60 NA Ph2 /0-2/FN22 lens, a digital camera (DP70; Olympus), and DP controller software (Olympus) for image acquisition. Images were processed using Photoshop CS3 (Adobe). Immunofluorescence was performed as follows: Sections were subjected to immunofluorescence staining as previously described (Morris et al., 2010a) using rabbit antiamylase (1:200), goat anti-CK-19 (1:100), rat anti-Ly6B.2 (1:3,000), rabbit anti-CD3 (1:200), rat anti-F4/80/EMR1 (1:250), mouse anti-TNF (1:200), and goat anti-RANTES (1:200) as primary antibodies and Alexa Fluor 488, 568/594, or 647 obtained from Invitrogen as secondary antibodies at a 1:500 dilution. DAPI (final concentration of 125 µg/ml) was added when samples were incubated with the secondary antibodies. Fluoromount-G obtained from SouthernBiotech was used as a mounting and imaging medium. Fixed samples were collected at room temperature. Confocal images (Fig. 3 , D and E) were collected on a confocal microscope (LSM 510 Meta; Carl Zeiss; LUCPlan Fluor normal 20×/0.45 NA Ph1 /0-2/FN22 and UPlan Flour normal 10×/0.30 NA Ph1 //FN26.5 lenses) at consistent gain and offset settings. ZEN software (Carl Zeiss) was used to capture and process confocal images. A ScanScope FL device coupled with ImageScope software was used to capture and process images shown in Fig. 1 (A and D) .
RNA isolation and quantitative PCR Cells were harvested from explant 3D collagen culture by digestion in a 1 mg/ml collagenase solution at 37°C for 30 min on a shaker. Cells were washed once with HBSS and twice with PBS, and total RNA isolation was performed using an RNA isolation kit (miRCURY; Exiqon) and a DNAfree kit (TURBO; Ambion) to eliminate residual genomic DNA. The level of mRNA of interest was assessed using a two-step quantitative reverse transcription-mediated real-time PCR method. Equal amounts of total RNA were converted to cDNA by the high capacity cDNA reverse transcription kit (Applied Biosystems). Quantitative PCR was performed in a real-time thermocycler (7900HT Fast; Applied Biosystems) using the universal PCR master mix (TaqMan; Applied Biosystems) with probe/primer sets and the following thermocycler program: 95°C for 20 s, 40 cycles of 95°C for 1 s, and 60°C for 20 s. All probe/primer sets for mouse acinar and ductal markers or MMPs were purchased from Applied Biosystems (Mm00439508_m1 for MMP-2, Mm00440295_m1 for MMP-3, Mm004487724_m1 for MMP-7, Mm00439509_m1 for MMP-8, Mm00442991_m1 for MMP-9, Mm00444629_m1 for MMP-10, Mm00485048_m1 for MMP-11, Mm00500554_m1 for MMP-12, Mm01168713_m1 for MMP-13, and Mm00491300_m1 for MMP-19). The amplification data were collected by a sequence detector (Prism 7900; Applied Biosystems) and analyzed with Sequence Detection System software (Applied Biosystems). Data were normalized to murine GAPDH, and mRNA abundance was calculated using the C T method. Quantitative real-time PCR with the mouse NF-B Signaling Targets PCR Array obtained from SABiosciences was performed according to the manufacturer's instructions, and data were analyzed with the web-based RT 2 Profiler PCR Array software (SABiosciences).
Reporter gene assays
Primary mouse pancreatic acinar cells were isolated, infected with adenovirus-NF-B-luciferase adenovirus (at 10 7 ifu/ml), and immediately plated on a collagen-coated surface and overlayed with Raw 264.7-conditioned or control (Waymouth) media. 24 and 48 h after infection, cells were isolated from collagen, collected, washed with ice-cold PBS, lysed using 250 µl Passive Lysis Buffer (Promega), and centrifuged (13,000 rpm for 10 min at 4°C). Assays for luciferase activity were performed according to the luciferase assay protocol (Promega) and measured using a luminometer (Veritas; Symantec) and GloMax software (Promega). Cell lysates were loaded on a
